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Abstract 
The electronic and optical properties of anatase titanium dioxide (TiO2), co-doped by nitrogen (N) 
and lithium (Li), have been investigated by density functional theory plus Hubbard correction 
term U, namely DFT+U. It is found that Li-dopants can effectively balance the net charges 
brought by N-dopants and shift the local state to the top of valence band. Depending on the 
distribution of dopants, the adsorption edges of TiO2 may be red- or blue-shifted, being consistent 
with recent experimental observations. 
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1. Introduction 
    Titanium dioxide (TiO2) is one of the most important photocatalysts and has been extensively 
studied for decades [1-6]. A key topic is how to tune its band structures so that high catalysis 
performance can be obtained under visible light, ideally reducing its band gap from 3.0-3.2 eV to 
typical visible light range (< 3.0 eV) [7-9]. To achieve this, doping has been widely employed 
and has been proved to be an effective approach, particularly since the pioneering work of 
nitrogen (N) doping for anatase TiO2 [10-12]. Now it is well understood that N-dopants can 
introduce additional states at the top of valence band (VB) of TiO2, resulting in a narrowed band 
gap [13-15]. At the same time, localized unoccupied states will be generated below the bottom of 
conduction band (CB), because the valence electrons of N-dopant are less than that of oxygen 
[16-18]. Such mid-band-gap state (MBGS) can serve as the acceptor of photo-excited electrons 
and thus become the recombination centre of charge carriers, which will lower the energy 
efficiency in photocatalysis [19-20]. Therefore, it is ideal to remove such localized MBGS when 
N-doping is employed. 
    Given the MBGS introduced by N-doping essentially origins from the net charge associated 
with N-dopants, it may be cancelled through charge compensation – introducing another dopant 
to balance it. Following this consideration, dopants which can inject electrons to TiO2 have been 
employed [21-29]. For instance, fluorine (F) dopants, which can offer an additional valence 
electron compared with lattice oxygen, has been confirmed to be effective to reduce the 
formation of defects and promote the photocatalysis performance, supporting the strategy of 
charge compensation [21-23]. Except F-dopants, boron (B) has also been employed as co-dopants, 
but differently, B is introduced at the interstitial site [24-26], rather than through substitute 
doping[27] or as surface B-N bonding [28]. A very successful practice is the synthesis of red 
TiO2 reported by Liu et al. through B/N co-doping [24-25]. Theoretical calculations indicated that 
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the radio of B/N dopants for red TiO2 is critical for the net compensation and thus for the local 
MBGS [29]. A difficulty for B/N co-doping is the control of the dopants distribution. B-dopants 
are often introduced at the beginning of the synthesis through using TiB2 as one of the precursors 
[24], and once B-doped samples are obtained, N-doping is further carried out through heat 
treatment in ammonia, in which case, N-dopants may fail to reach the inner layers, and 
consequently, B/N co-doped regions are mainly at the surface layers, and a part of 
uncompensated B-dopants are generated in the inner layers [25]. Therefore, proper co-dopants, 
which can homogeneously introduced to N-doped TiO2 lattice, are still targeted.    
    Except non-metals, metals have been employed as co-dopants to compensate the net charges 
brought by non-metals [30-33]. Experimentally, TiO2 has been widely used as the electrode for 
Li-ion batteries, and thus Li-doped TiO2 can be practically prepared via electrochemical methods 
even at room temperature [34-37]. In addition, Li-diffusion in the bulk of anatase TiO2 only 
needs to get over small barriers (~ 0.5 eV[38]) and thus homogeneous Li-doping can be expected. 
In fact, Bouattour et al. already reported that Li-doped TiO2 shows enhanced photodecomposition 
capacity under sunlight [34]. Considering Li has the strong capacity to donate one electron to 
TiO2, it should be an effective co-dopant to compensate the charge associated with N-dopants, as 
demonstrated by a recent experiment, according to which Li/N co-doping can effectively reduce 
the recombination rate of photo-induced electron-hole pairs [35]. However, Li/N do-coping may 
increase the band gap slightly [35], which is surprisingly different from typical N-doping. In this 
work, we present our theoretical calculations to clarify the Li/N co-doping effect on the electronic 
and optical properties of TiO2, based on which the abnormal phenomenon associated with Li/N 
co-doping will be explained.           
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2. Computational Method      
TiO2 is modelled by a 2×2×2 supercell, labelled as Ti16O32, as shown in Fig. 1. Li- and N-
dopants are introduced to the interstitial and lattice oxygen site, respectively. To investigate the 
effect of the Li/N ratio on the electronics, various co-doped geometries have been investigated. 
All models have been fully relaxed before calculating the density of states (DOS) and optical 
properties. The structural optimization and energy calculations were performed based on the 
density functional theory plus Hubbard correction term U (DFT+U), under the generalized 
gradient approximation method [39-41]. Based on the literature and our early tests [42-44], 
U=4.0 eV has been employed in our work. The Perdew-Burke-Ernzerhof functional has been 
employed for the exchange-correlation term [45], as embedded in the Vienna ab-initio Simulation 
Package (VASP) [46]. During the calculation, the projector augmented wave method [47] with a 
cutoff energy of 400 eV has been employed to achieve high computational efficiency. In our 
calculations, k-space is sampled by 5×5×5 grid for DOS and optical properties. The frequency-
dependent dielectric matrix was calculated with a large number of empty bands (two times of the 
VB states) and the calculated imaginary dielectric function, labelled as Im, is obtained by 
summering over the empty states based on the formula described by Gajdos et al [48]. 
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Figure 1. Supercell used for the calculations. (a) N-doped and (b) Li-doped TiO2. TiO2 
framework is shown as sticks, with N and Li dopants are labelled and shown as blue and purple, 
respectively.  
 
3. Results and discussion 
3.1 N-doping and Li-doping  
    To study the synergetic effect between N- and Li-dopants, TiO2 doped by single dopants has 
been employed as a reference and the DOS profiles for undoped, N- and Li-doped TiO2 are 
shown in Fig. 2(a)-(c), respectively. In term of the geometry, N-Ti bondlengths (1.95 Å for short 
bond; 2.09 Å for long bond) are longer than typical O-Ti bonds (1.90 Å for short bond; 1.97 Å 
for long bond). In addition, the Ti-O-Ti bond angle changes from 103° to 98° once oxygen is 
replaced by nitrogen. In the case of Li-dopant, which is located at the octahedral centre of six 
lattice oxygen atoms, O-Ti bond is slightly increased by 0.1-0.2 Å, and bond angles are also 
reduced to 97°, and all these changes are resulted by the shift of oxygen towards Li-dopants due 
to the strong O-Li bonding, which is also the physics basis for the electron injection from Li-
dopant to TiO2. 
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    In terms of electronics, our data for N-doped TiO2 are similar with early publications, with two 
key features, namely narrowed band gap (2.55 eV) and MBGS above Fermi level, as shown in 
Fig. 3(c). It is worth to point out that, U=4.0 eV as employed in this work can only give a band 
gap of 2.73 eV for undoped TiO2, which is less than the experimental data (3.20 eV). Larger U 
values can improve it to 3.2 eV (e.g., U=8.5 eV), which approach may lose the physical meaning 
and introduce errors in the geometry optimization. As widely accepted, N-doping can narrow the 
band gap, and the MBGS brought by N-doping is an empty local states. Totally different from N-
dopants, Li-doping slightly increases the band gap, depending on the doping concentration, 
which agrees well with recent experimental data.   
 
Figure 2. Calculated DOS profiles for (a) undoped, (b) N-doped and (c) Li-doped TiO2. Spin up 
and spin down are shown as black and green lines. Band gap (Eg) is indicated in the unit of eV. 
 
3.2 Li/N co-doping 
    To investigate the co-doping effect, eight co-doped geometries were studied, including Li-N, 
LiN, Li-N-N, LiN-N, Li-Li-N, Li-LiN, LiN-LiN, and Li-N-Li-N, as shown in Fig. 3. These 
geometries show different doping concentrations, or different Li/N ratio and distributions. When 
Li and N dopants are connected through chemical bonds, the structure will be labelled as LiN, 
otherwise as Li-N to indicate they are separated. The first issue is how Li and N will distribute. 
Four pairs were particularly compared, including Li-N (F) vs LiN, Li-Li-N (F) vs Li-LiN, Li-N-N 
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(F) vs LiN-N, and Li-N-Li-N vs LiN-LiN (F), with the favoured geometry indicated as ‘F’ in the 
parenthesis. Interestingly, Li and N prefer to bond together in case of heavy doping, indicating 
that the distribution is sensitive to the doping concentration. As revealed above (Section 3.1), 
single N- and Li-dopant can result in longer O(N)-Ti bond length, and smaller Ti-O-Ti bond 
angles, in other words, the local strain energies brought by N- and Li-dopants are similar. With 
low co-doping, such local strain energy can be fully relaxed, leading to the separated geometry. 
However, in the case of heavy co-doping, no enough space to completely relax the local 
distortion, and thus strain energy can be hardly released; as a result, Li- and N-dopants favours to 
be chemically bonded together.        
 
Figure 3. Optimized geometries for Li/N co-doped TiO2. (a) Li-N, (b) LiN, (c) Li-Li-N, (d) Li-
LiN, (e) Li-N-N, (f) LiN-N, (g) Li-N-Li-N, and (h) LiN-LiN. TiO2 framework is shown as sticks, 
with N and Li dopants labelled. (a), (c), (e) and (g) are for Li-N separated, and (b), (d), (f) and (h) 
are for Li-N bonded. 
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    Fig. 4 shows the calculated DOS profiles for four Li-N separated geometries (see Fig. 3a, c, e, 
and g), focusing on the investigation of MBGS (highlighted as red) and band gaps (Eg). It is very 
interesting to see that one occupied MBGS with spin up matches well with the spin down state 
and has been shifted downward to mix with VB, indicating the charge compensation. Only when 
the ratio Li/N=1 is not satisfied, unbalanced MBGS show up (see Fig. 4(b) and (d)). When more 
dopants are introduced, MBGS will fully mix with the VB (see Fig. 4(d)), which is helpful to 
achieve better sunlight adsorption. In term of band gap, the calculated values of Eg for Li-N, Li-
Li-N, Li-N-N, and Li-N-Li-N are 3.05 eV, 2.96 eV, 2.64 eV, and 2.58 eV, respectively. With 
heavy doping, the observed smaller band gap is actually contributed by N-dopants since Li-
doping cannot narrow band gap. Coupled state above the top of VB plays a key role in the band 
gap narrowing, which is particularly obvious in the case of Li-N-Li-N.  
               
Figure 4 Calculated DOS profiles for Li/N co-doped TiO2. (a) Li-N, (b) Li-Li-N, (c) Li-N-N, and 
(d) Li-N-Li-N.  MBGS are highlighted by red colours.  
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    To understand the effect of dopant distribution on the electronic structures, the DOS profiles of 
Li-N bonded geometries (see Fig. 3b, d, f, and h) are also calculated and presented in Fig. 5. 
Similar with Fig. 4, spin up and spin down for the MBGS can match well when the ratio Li/N=1 
is satisfied. The difference comes from the mixing with VB. For instance, MBGS is not fully 
mixed with VB in the case of LiN-LiN (see Fig. 5d), in which case such MBGS cannot make 
remarkable contribution for the optical absorption. Given LiN-LiN is more energetically 
favourable than Li-N-Li-N, it seems that even heavy doping does not necessarily narrow the band 
gap. To further clarify this point, optical adsorption has been calculated to examine this point 
below.       
                
Figure 5 Calculated DOS profiles for Li/N co-doped TiO2 with Li and N bonded: (a) LiN, (b) Li-
LiN, (c) LiN-N, and (d) LiN-LiN.  Spin up and spin down are shown as black and green lines. 
Energy has been shifted relative to the Fermi energy (dotted line).  
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3.3 Optical absorption  
    Experimentally, UV-vis light absorption spectra have been widely employed to examine the 
optical band gap and the doping effect for photocatalysts, which can be compared with the 
imaginary part of the calculated dielectric function. To explain the blue shift of the UV-vis 
absorption spectra for Li/N co-doped TiO2, Li-Li-N-N and LiN-LiN (see Fig. 3g and 3h) have 
been studied and compared with undoped TiO2, and the calculated imaginary part of the dielectric 
function has been shown in Fig. 6. Through fitting the linear region, the adsorption edges have 
been determined, as λ=380 nm, 370 nm and 420 nm for undoped TiO2, LiN-LiN and Li-Li-N-N 
co-doped TiO2, respectively. Li/N co-doping can increase or reduce the adsorption edge, which is 
essentially determined by the distribution of Li and N dopants. Combining the above studies, the 
enlarged band gap reported experimentally can be explained. In the case of low co-doping, Li and 
N dopants favour the separated configurations (labelled as Li-N) and the band gap narrowing by 
N-dopants may be cancelled by Li-dopants. With the heaving co-doping, however, Li and N 
favours bonded configurations (labelled as LiN), in which case the spin coupled state associated 
with the charge compensation does not mix fully with VB, and thus the optical band gap is 
actually increased, as shown in Fig. 6.         
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Figure 6. Calculated imaginary part of the dielectric function (Im) versus the energy expressed 
by the wavelength in unit of nm. The fitted adsorption edges are indicated in the figure in unit of 
nm. 
4. Conclusions 
    Using the DFT+U approach, we examined the geometry, electronics and optical properties of 
Li/N co-doped TiO2 and found that net charges brought by N-dopants can be fully compensated 
by Li co-dopants when the ratio Li/N=1 is satisfied, and MBGS with spin up can be fully coupled 
with that with spin down. From the calculated dielectric function, it is revealed that blue shift of 
the UV-vis absorption is leaded because the coupled states do not mix well with VB when Li and 
N are bonded, which is more favourable than separated configurations. The above results can not 
only explain the observed blue shift in Li/N co-doped TiO2, but also generate advanced 
knowledge for the selection of co-dopants for TiO2, particularly it is found that the local 
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distortion and strain energy introduced by the dopants may determine the distribution of dopants, 
and thus affect the electronics and optical absorption.    
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